Abstract Although climate change is currently affecting the distribution of many species, insects are particularly impacted because of their high sensitivity to temperature. The pine processionary moth, Thaumetopoea pityocampa, is a forest insect extending its distribution in response to climate warming. Some pioneer colonies were recently detected far beyond the main range, near Paris and in eastern France. This study tracked the origin and pathways of these pioneer colonies through a combined use of genetic markers, measurement of female flight capabilities, and comparative analyses of the natural enemy complexes. This study also aimed to determine the establishment capability beyond the main range, considering the survival rate during two recent cold periods. The larval survival rate was higher in pioneer colonies (which behave like urban heat islands) than in main range. The flight capacity of females would not have allowed them to come from the main range or the nearest established colonies, and molecular tools further showed that individuals from at least three pioneer colonies were not assigned or similar to individuals at the edge of the main range. Egg parasitoids were absent while pupal parasitoids were present in the pioneer colonies suggesting an introduction at the pupal stage. These approaches provided strong evidence that this species has been accidentally moved near Paris and to eastern France, supporting the hypothesis of human-mediated transportation over natural dispersal. This type of dispersal was unexpected because of risks from urticating hairs and the easy detection of the species.
Introduction
Climate change has been shown to induce significant responses from insect species (Parmesan and Yohe 2003; Battisti et al. 2005; Parmesan 2006; Netherer and Schopf 2010; . Although this change involves simultaneous and complex, non-linear variations in many environmental variables, the increase in air temperature has been the most studied and is likely to play a key role (Trenberth et al. 2007) . Insects are essentially ectothermic organisms with their physiological processes highly sensitive to ambient temperatures (Beck 1983) . Their development, population dynamics and geographic distribution are therefore likely to respond quickly to temperature increases (see for a review). Temperature thresholds often delimit one or more boundaries of a species' geographic range (Andrewartha and Birch 1984) . Such climate change may remove/relocate boundaries that limit spread and so allow some range expansion into areas where the species had been previously kept in check by climatic factors (Walther et al. 2002) . For example, as average climatic isotherms have moved northwards by 120 km during the past century, 63% of non-migratory European butterflies have extended their ranges by 35-240 km northwards (Parmesan et al. 1999) .
Populations of alien organisms are considered more likely to establish if they are introduced into areas with similar climatic conditions to their native distribution. Similarly alien species introduced into new areas colder than their native range manage to survive only because of 'islands' of habitat heated by human activity, such as urban areas or other anthropogenic habitats. Global warming could provide new opportunities for successful introduction of alien species into areas where, until recently, such species would not have been able to survive (Walther et al. 2009) .
Following the establishment of alien organisms in an area, spread is often not continuous but proceeds with jump dispersal ahead of the population forming isolated new populations that ultimately coalesce (Shigesada and Kawasaki 1997) . Liebhold and Tobin (2008) pointed out the importance of long-distance dispersal events on the spread of many invading insects such as the horse-chestnut leaf miner, Cameraria ohridella (Deschka and Dimić) (Lepidoptera: Gracillaridae) in Europe (Gilbert et al. 2004) , the emerald ash borer, Agrilus planipennis (Fairmaire) (Coleoptera: Buprestidae), in the Eastern North America (Muirhead et al. 2006) , and the European gypsy moth, Lymantria dispar (Linnaeus) (Lepidoptera: Lymantriidae) in the US (Sharov and Liebhold 1998) . Such events similarly affect the pine wood nematode, Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle (Nematoda: Aphelenchoididae), in China (Robinet et al. 2009 ). Even if long-distance dispersal is not so frequent, it can substantially increase the invasion speed (Neubert and Caswell 2000) and the maximum annual spread distance could be the most critical parameter to predict this (Koch et al. 2009 ). In pest surveillance and containment strategies, it is also important to determine whether long-distance dispersal could be attributed to human transportation. However, in native species it is often more difficult to distinguish natural migration processes and human-mediated colony movements (Walther et al. 2009 ).
The pine processionary moth (PPM), Thaumetopoea pityocampa Denis and Schiffermüller (Lepidoptera: Notodontidae) is one of the most important defoliating pests of pine stands in Europe. Originally from the Mediterranean, this moth is naturally expanding its range in recent times towards higher latitudes and altitudes . Developing gregariously during winter within conspicuous white silk nests, the moth is highly sensitive to small variations in temperature. The range expansion is associated with better winter survival and enhanced feeding activity caused by rising mean ambient temperatures Buffo et al. 2007 ). Temperature-dependent models of PPM feeding activity suggested an unfavorable area in the South of the Paris Basin (France), which may have constrained the distribution of this insect under pre1990s climatic conditions. Since 2000 increasing temperatures have allowed this moth to cross this area and it is expanding its range north by ca. 5.6 km per year (Robinet et al. 2007 ). This insect was considered to be easy to detect because of its obvious winter nests and its highly urticating larvae (Battisti et al. 2011) , and therefore unlikely to have moved, even indirectly, by humans. Nonetheless pioneer colonies were recently discovered in the vicinity of Paris and in eastern France far beyond the limits of the main range of the species . It was unclear whether these pioneer colonies were translocated by human activities or resulted from natural expansion of the species.
Our objective was to investigate the mechanism of this population expansion, exploring the dispersal mechanism and the species establishment capability. More precisely we (i) determined the origin and pathways of colonization through a combination of genetic markers, measurement of female flight capabilities, and comparative analyses of natural enemies, and (ii) then compared the temperature suitability of the colonized locations with the main range, based on data collected during recent cold periods.
Materials and methods

Description of pioneer colonies
Hereafter the term colony refers to a set of PPM nests located in a given area rather than the nest itself where the larvae develop gregariously. The discovery of such isolated colonies was reported by phytosanitary managers and the public, because national surveys to detect small and isolated pioneer colonies are too costly (in terms of individuals and time) (Table 1) . Such reports were then confirmed by INRA scientists. Prior to 2008, six pioneer colonies were found; five in the vicinity of Paris (see Appendix S1) and one in Eastern France (Obernai) ( Fig. 1; Table 1 ). These colonies were mainly located in urban areas, where the human population density is relatively high compared to the average density in France (about 100 inhabitants per km 2 ) ( Table 1) . A large media effort to inform the public of the health hazard of PPM (because of the larval urticating hairs), and a subsequent national PPM survey (Leblond et al. 2010 ) means it unlikely that any other pioneer population escaped detection, especially colonies that might have acted as a bridge between the main range and already detected pioneer colonies.
Dispersal mechanism
Dispersal capabilities
PPM natural dispersal is directly dependent on the flight capacity of the females. To determine whether a female can fly from the known range to the pioneer colonies, we (1) estimated their flight capacity and (2) calculated the distance a female needed to fly to reach these pioneer colonies.
(1) Previously the female flight capacity has been estimated as varying from between a few hundred metres to more than two kilometres without any nearby suitable host trees (Démolin 1969; Devkota et al. 1992) . However, the observed rate of PPM expansion in the Paris Basin (5.6 km per year between 1972 and 2004; Battisti et al. 2005 ) greatly exceeds these estimates. In reality the female flight capacity is poorly understood due to the difficulty of measuring it in the field. A flight mill adapted to the size and weight of the PPM adult female was therefore used to estimate its flight capacity under laboratory conditions. In March 2009, just before larval pupation, 40 nests were collected from the northern edge of the main range in the Paris Basin (west to Chartres within ten metres of 48°27 0 26 00 N; 1°27 0 6 00 E). The nests were maintained in outdoor conditions at the INRA laboratory (Orléans), where insects pupated. The emerging females were tested using flight mill in July 2009, and the cumulated flight distance over 24 h was measured for each female.
(2) To determine whether the females could reach the pioneer colonies by themselves, we calculated the distance from the colony to (a) the main range and (b) the nearest other pioneer and the mean geographical coordinates of the infested trees in the first year of colony detection. We then calculated the minimum distance between the mean geographical coordinates of the pioneer colony in the first year of detection and the coordinates of trees infested the years before in other pioneer colonies. For this purpose GIS software (ArcInfo 9.2; ESRI) Where multiple symbols relate to a site these are contained in a white rectangle was used to transform the geographic coordinate system into the projected coordinate system 'Lambert 2 étendu' (French national grid system in metric units) and the distance calculated.
Genetic analyses
Genetic markers were used to assess whether the five pioneer colonies occurring near Paris originated from the nearest populations in the main range (i.e. the expansion area into north-western France), or came from further away. A total of 51 individuals from the pioneer colonies were genotyped for five nuclear microsatellite markers (for protocols see Rousselet et al. 2004 ). Three to 15 individuals were analyzed per population but only one individual per sampled tree. Furthermore, 20 individuals (four per population sample and one per tree) were sequenced for a fragment of the mitochondrial Cytochrome c oxidase subunit I (COI) gene (see Rousselet et al. 2010) . In order to assign these individuals to a likely source population, a total of 705 individuals were genotyped from seven areas in Western Europe for the same microsatellite loci. These seven groups were defined on the basis of the population genetic structure revealed in previous genetic studies (Salvato et al. 2002; Salvato et al. 2005; Kerdelhué et al. 2006; Santos et al. 2007; Kerdelhué et al. 2009; Rousselet et al. 2010) . These groups were located in northwestern France (135 individuals from nine populations), south-western France (135 individuals from nine populations), the Pyrenees (45 individuals from three populations), south-eastern France (135 individuals from nine populations), north-eastern France (105 individuals from seven populations), Italy (75 individuals from five populations), and the Iberian Peninsula (75 individuals from five populations) (Fig. 1) . The Balkans and North Africa were not sampled. The coordinates of all sampling locations are given in the electronic supplementary material (Appendix S2). In order to attribute each individual from the pioneer colonies to one of the four strongly geographically-structured maternal lineages described in Europe, mitochondrial DNA sequences were aligned using Bioedit 7.05 (Hall 1999) with the mitotype sequences previously published and deposited in Genbank (accession numbers GU385906-GU385951; Rousselet et al. 2010) . Each lineage can be characterized by the nucleotide occurring at the positions 634, 654, 724, 735, 736, 744 (see appendix S2 in Rousselet et al., 2010) . Mitogroup A 1 is characterized by the combination T-T-C-C-C-C at these positions and is found in eastern France, Italy and Balkans. Mitogroup A 2 is characterized by T-T-C-C-T-C and is found in western France and in eastern Spain. Mitogroup A 3 is characterized by C-C-C-C-T-C and occurs in the Pyrenees. Mitogroup B is characterized by T-T-T-T-T-T and occurs in central and western Spain and in Portugal.
For microsatellite multilocus data, a Bayesian assignment test was carried out as implemented in Geneclass 2 software (Piry et al. 2004 ) to assign individuals to reference populations using the method of Rannala and Mountain (1997) . Probability computations were calculated with 10,000 simulated individuals used in Monte Carlo re-sampling as recommended by Paetkau et al. (2004) .
Natural enemies
The co-occurrence or disjunction between a species and its specialist natural enemies can provide additional information about the origin of pioneer colonies and, in some cases, can be helpful to discriminate between colonization pathways. Therefore, the presence/absence of natural enemies was assessed in two pioneer colonies near Paris (Eragny and Aubergenville) and compared to natural enemy populations from two colonies in the main range (Poitiers and Tours) (Fig. 1 ). This study focused on both egg and larval parasitoids because egg and larval parasitoids can strongly affect PPM populations. The egg parasitism rate can vary from 2 to 45% within a batch (Pimentel et al. 2010) , with up to 100% of eggmasses being parasitized in a colony (Biliotti 1958) , while the larval parasitism rate can reach 30% (Biliotti 1956 ). Egg-masses and winter nests were also relatively easy to collect compared to the shortlived adults and pupae buried in the soil.
(1) Sixteen to twenty-five egg-masses were sampled in the four locations in September 2008 after the larvae hatched. Egg-masses were put singly in test tubes with a cotton stopper to collect emerging parasitoids. After parasitoid and Démolin 1970; Battisti et al. 2005) . Temperature thresholds associated with the larval feeding activity also contribute significantly to survival in the expansion area Robinet et al. 2007 ). Since the survival rate of populations decreases along the expansion gradient , we explored the climatic suitability in the pioneer colony locations. More precisely, survival rates and temperatures during cold periods (which occurred in France in January 2009 and January 2010) were compared in the pioneer colonies and in the main range. Two to five days after these cold periods (in late January), we collected some nests from the pioneer colonies (excluding Bailly-Romainvilliers because of low population density and Obernai because of access) and in the main range to compare the survival rates. In 2009, nests were collected at Eragny (n = 5), Aubergenville (n = 5), Nanterre (n = 5), Saint-Maur-desFossés (n = 5), but also in the main range, at Baccon (n = 10), Chartres (n = 10), Melun (n = 10). In 2010, nests were collected at Eragny (n = 10), Aubergenville (n = 20), Nanterre (n = 10), SaintMaur-des-Fossés (n = 5), and also in the main range, at Amilly (n = 10), Brétigny (n = 11), Dourdan (n = 13), Chartres (n = 10), Pithiviers (n = 10), Tours (n = 10). The nests were then dissected in the laboratory and the number of living larvae and dead larvae were counted to calculate the survival rate.
The effect of these cold periods on survival rate was investigated using hourly temperatures provided by the French meteorological center, Météo-France (from January 1st to 11th, 2009 and from January 1st to 13th, 2010). For each sampling site, the nearest weather station with available information was selected to determine the absolute minimum temperature and the coldness severity (number of consecutive hours below 0°C and -10°C). Although, the survival rate was not estimated at Obernai, temperature data during these cold waves were included in the study.
Results
Dispersal mechanism
Dispersal capabilities
A total of 47 females were tested on the flight mill, but only 37 were capable of flying more than 50 m. Among these 11 (30%) flew farther than the 2 km maximum reported and 6 (16%) flew farther than 5 km (Fig. 2) . The average flying distance was 1.7 km and the maximum distance recorded was 10.5 km.
The distance between pioneer colonies near Paris and the main range was 30-55 km, and even further (189 km) for Obernai ( Table 2 ). The minimum distance from a pioneer colony near Paris to a previously established colony was 14 km. For Obernai, the minimum distance to a pioneer colony already established near Paris was 347 km. Genetic analyses COI data All the sequenced individuals from SaintMaur-des-Fossés, Nanterre and Bailly-Romainvilliers exhibited a mitotype from mitogroup A 2, which is found from south-eastern Spain to north-western France, more or less along the Greenwich meridian (see Rousselet et al. 2010) . All the individuals from Eragny and Aubergenville exhibited a mitotype from mitogroup A 1, which is found from Italy to Eastern France, including the Alps, the Massif Central and the Rhône and Saône valleys.
Microsatellite data The multilocus assignment scores of each individual to the seven reference populations are given in Appendix S3 for the five pioneer colonies discovered beyond the north-western edge of PPM natural expansion near Paris. All the first rank scores were higher than 0.50, three-quarters were higher than 0.70 and more than one-third were higher than 0.90. For most individuals, they were much higher than those at the other ranks (see appendix S3), we therefore focussed on the total number of individuals assigned as first rank to each reference population (Fig. 3) . In Saint-Maur-des-Fossés and Nanterre, most of the genotyped individuals were assigned to north-western France as first rank. In Eragny and Aubergenville, most of the individuals were assigned to Italy and south-eastern France, and to Italy and north-eastern France respectively. In BaillyRomainvilliers, most of the individuals were assigned to the Iberian Peninsula and south-western France.
Natural enemies
The 84 egg-masses studied contained 19,731 eggs. Each egg-mass was wrapped around two needles of Pinus nigra. Egg parasitoids were only found in colonies located in the main range. All the 34 eggmasses analysed from the pioneer colonies did not show any parasitoids (Table 3 ). In the main range, 44% of the collected egg-masses contained egg parasitoids at Poitiers and 36% at Tours, but the mean rate of parasitization of individual eggs was relatively low (around 3%). The hatching rate in the main range was slightly but not significantly lower than in pioneer colonies (94.6% vs. more than 97.5%; Mann-Whitney test W = 589, P = 0.07) ( Table 3) . After the analysis of meconium left in parasitized eggs, three species of egg parasitoids were identified. These were Baryscapus servadeii (Domenichini, 1965) (Hymenoptera: Eulophidae), Ooencyrtus pityocampae (Mercet, 1921) (Hymenoptera: Encyrtidae) and Trichogramma sp (Hymenoptera: Trichogrammatidae).
The tachinid larval parasitoid, Phryxe caudata, was found in nests at all sampled sites. In the main range, 10-20% of the nests were parasitized by at least one tachinid fly compared to 15-30% in pioneer colonies.
Establishment capability
Following the cold periods, the population survival rate was generally higher in the pioneer colonies than in the main range (this result was significant in 2010: 82% compared to 54% on average, Mann-Whitney test W = 1977, P \ 0.01, but not in 2009: 78% compared to 73%, W = 376, P = 0.07) (Tables 4, 5).
The absolute minimum temperature was higher in the pioneer colonies than in the main range (significant result in 2010: -7.7°C compared to -15.2°C on average, Mann-Whitney test W = 16, P = 0.01, but not in 2009: -10.8°C compared to -13.0°C, W = 12, P = 0.11). The number of consecutive hours below 0°C was not significantly different between pioneer 
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However, the number of consecutive hours below -10°C was lower in the pioneer colony locations than in the main range (significant result in 2010: 0.2 h compared to 11.7 h on average, Mann-Whitney test W = 0, P = 0.01, and in 2009: 4.7 h compared to 12.5 h, W = 0.5, P = 0.02).
Discussion
Based on different approaches, this study provides strong evidence that pioneer colonies discovered near Paris and in Eastern France are the result of accidental human transportation of some individuals and colony establishment was assisted by urban heated environments.
Coming farther than the edge of the main range
The estimated dispersal capacity of the female adults (l0.5 km at most) was lower than the distance an individual would have to fly from the main range to reach these isolated locations (30-55 km and 189 km to the main range; Table 2 ). Therefore, it is unlikely that natural dispersal from the main range gave rise to a pioneer colony. Because the distance between pioneer colonies near Paris ranged from 14 to 71 km, possible natural dispersal cannot be excluded between certain pioneer colonies (i.e. Eragny and Nanterre). This was however unlikely because this between-colony distance exceeded the estimated flight capacity by 38% Fig. 3 Results of microsatellite assignment tests for the 51 individuals from the five pioneer colonies located near Paris to the seven western European regions. For each individual, only the reference population with the best assignment score is retained (first rank result), and, for each colony, the bars represent the total number of individuals assigned as first rank to each reference population (see Appendix S3 for reference population scores from the second to the seventh rank for each individual) and each populations was assigned to a different source population (Fig. 3) . While caution is needed when extrapolating lab-based estimates of flight capabilities to the dispersal capabilities in natural conditions (due to different behaviours of individuals and capability to measure the spread in the field), these new estimates are more consistent with the natural spread rate observed in the south of the Paris Basin (5.6 km per year; Battisti et al. 2005 ) than the maximum flight capabilities previously reported in literature (around 2 km; Démolin 1969).
Three of the five pioneer colonies probably originated from populations at least 260 km distant (see Appendix S3 and S4). In Eragny, Aubergenville and Bailly-Romainvilliers, no individual was genetically assigned as first rank to the nearest north-western populations of France (Fig. 1, 3 ). Eragny and Aubergenville colony mitochondrial and nuclear markers were congruent and indicated a much more eastern origin, possibly from south-eastern France or Italy according to the present dataset. For Bailly-Romainvilliers, the detected mitotype is found from Eastern Spain to north-western France (i.e. both in distant and close populations to the colonies), but the microsatellite markers clearly indicated an origin from south-western France or the Iberian Peninsula. The precise origin of all these three colonies still remains unclear probably because of large unsampled areas and the too low number of microsatellites which were used. Despite this the assignment scores to the north-western group are very weak for all the studied individuals (appendix S3).
Only two of the pioneer colonies probably originated from north-western France according to the assignment tests (not contradicted by mitochondrial data). However, the present data did not indicate whether they originated from the northernmost and nearest populations along the edge of the main range or from the southernmost or westernmost populations of the Paris Basin, a further tens of kilometres distant. Some colonies, especially at Saint-Maur-des-Fossés, could have been reached by males, whose flight distances are greater than those of females (Démolin 1969) . It might be difficult therefore to track with confidence the precise origin of the colonies observed in north-western France several generations after a human-mediated translocation. Moreover, weak genetic differentiation or strong allele frequency distortion after bottleneck events can also blur things.
Potential pathway for long-distance jumps
If specific parasitoids found in pioneer colonies have been co-introduced with their host, the presence/ absence of different parasitoid species associated with different developmental stages can help determine the stage of introduction and identify the potential pathway of spread. Since only the tachinid Phryxe caudata, a specific larval-pupal parasitoid, was detected in the pioneer colonies, this suggests that PPM was introduced at the larval or pupal stage. Indeed, the first tachinid generation develops inside the 2nd to the 4th instar of its host, and the second generation parasitizes the last instar larvae to emerge from the pupae developing in the soil (Biliotti 1956; Géri 1980; Buxton 1990) . Recently planted pine trees might shelter larvae, however PPM rarely attacks trees less than 4-5 years old. Also larvae living gregariously in silk nests are easy to detect and generally removed by managers because they are pests. Consequently, this pathway of introduction is unlikely and Phryxe caudata was probably introduced along with PPM pupae. An accidental transportation of egg-masses can be excluded because pine trees are not usually planted during the egg stage (in summer). This is consistent with the absence of egg parasitoids in pioneer colonies contrary to the main range. An accidental transportation of adults is possible too, but the short life-span of adult females (usually around 24 h; Démolin 1969) and the presence of parasitoids associated with larval stage, would suggest otherwise. It is most likely, therefore, that the pupal stage was accidentally introduced. Pupae are not easily detectable in the soil and may have been introduced with transplanted large trees moved with a large amount of soil. PPM can enter an extended diapause at the pupal stage, staying several years in the soil, which also increases the probability of accidental movement of the insect at this stage (Géri 1980) . Pupal movement was probably responsible for the introduction of the related oak processionary moth, Thaumetopoea processionea (Linnaeus) (Lepidoptera: Notodontidae), from Continental Europe into the United Kingdom (Evans 2008) . Evans (2010) argued that the likelihood of pests being present increases dramatically if soil remains associated with the host plant, particularly for potted plants and, especially, for large rootballed specimens. Root balling is considered as 'an ecosystem in a pot', with most of the associated organisms being also transported hidden and of unknown identity.
Better climatic conditions in urban areas
Following the cold periods recorded during the winters between 1986 and 1988 and in 1994, PPM populations crashed suddenly in the main range (Bouhot-Delduc 2005a), and PPM distribution retracted from northern and mountainous locations (Bouhot-Delduc 2005b) . In contrast, the pioneer colonies located near Paris far beyond the main range better survived the cold winters in 2009 and 2010 than those of the main range. Pioneer colony winter larval survival ranged from 76 to 92% in these years. Colony localities near Paris and to some extent at Obernai, are in urban areas of dense human population which behave like heat islands that may have enhanced the establishment success of the new colonies. Although PPM is mainly a forest insect, isolated urban trees in private gardens, in parks, along roads, or on roundabouts are exposed to the sun and highly suitable for the insect. This forest pest has therefore become an urban nuisance.
The mean temperature increase over the last few decades has made the climate more favourable for PPM establishment outside the main range in France and Italy Robinet et al. 2007) , and probably in many other European countries. The Paris Basin was known to be favourable for the winter survival of the species (Robinet et al. 2007 ). Consequently, an accidental transportation of some individuals near Paris via human activities could have been an introduction and establishment pathway for some time. Why these pioneer colonies were only discovered in the 2000s remains unclear.
Greater dispersal capabilities
The rate of natural invasion of PPM into new areas mediated by warming climates (suggested by Kerr 2009 ) and urban heat islands depends on its dispersal capability. This study provides strong evidence, however, that human-mediated dispersal can create satellite populations and accelerate PPM spread. In the future, it will be important to quantify this chance of accidental transportation to predict these long-distance jumps and the expansion of the species' distribution. Furthermore, these jumps may also occur within the main range of PPM because the diffusion coefficient (rate of spread) was relatively high in the Paris Basin between 2007 and 2009 (Roques et al. 2011) .
More generally, this example for PPM, where there has been a natural range shift from combined human transfer to climatically-favourable new habitats leading to continuously enlarging populations, shows that distinguishing between native and alien species may become increasingly difficult with continued climate change (Walther et al. 2009 ). This study also demonstrates the interest of using genetic markers and individual-based assignment tests to separate long-distance human-assisted spread from the natural dispersal capacity of the species and for the development of more effective pest surveillance. This approach is of particular interest for species such as PPM, which via their urticating hairs can affect human health near such pioneer colonies. Long-distance jumps of pine processionary moth 1569
